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A unique talin homologue with a villin headpiece-like domain is
required for multicellular morphogenesis in Dictyostelium
M. Tsujioka*, L.M. Machesky†‡, S.L. Cole§, K. Yahata* and K. Inouye*
Molecules involved in the interaction between the
extracellular matrix, cell membrane and cytoskeleton are
of central importance in morphogenesis. Talin is a large
cytoskeletal protein with a modular structure consisting
of an amino-terminal membrane-interacting domain,
with sequence similarities to members of the band 4.1
family, and a carboxy-terminal region containing F-actin-
binding and vinculin-binding domains [1,2]. It also
interacts with the cytoplasmic tail of β integrins which, on
the external face of the membrane, bind to extracellular
matrix proteins [3]. The possible roles of talin in
multicellular morphogenesis in development remain
largely unexplored. In Dictyostelium, a eukaryotic
microorganism capable of multicellular morphogenesis,
a talin homologue (TALA) has previously been identified
and shown to play an important role in cell-to-substrate
adhesion and maintenance of normal elastic properties
of the cell [4–6]. Here, we describe a second talin
homologue (TALB) that is required for multicellular
morphogenesis in the development of Dictyostelium.
Unlike any other talin characterised to date, it contains
an additional carboxy-terminal domain homologous to
the villin headpiece.
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Results and discussion
Dictyostelium talB– strains were generated by restriction-
enzyme-mediated insertional (REMI) mutagenesis and
were identified as mutants that arrested at the tight
mound stage. The phenotype resulting from the gene
disruption was confirmed by reintroduction of the
rescued plasmid along with flanking genomic fragments
into the parent strain by homologous recombination (see
Supplementary material published with this article on
the internet).
The nucleotide sequence of the entire coding region
(7,845 bp; accession number AB023655) was determined
by reverse transcription PCR (RT–PCR) using primers
based on sequences from the flanking genomic fragments
of the rescued plasmids and cDNA clones. The deduced
amino-acid sequence (2,614 amino acids with a predicted
molecular mass of 277,698 Da) showed 30% identity to the
amino-acid sequence derived from the previously identi-
fied Dictyostelium talin gene (talA). Higher homology was
noted in their amino-terminal and carboxy-terminal
regions, with 52% identity (70% similarity) in the amino-
terminal 400 amino-acid residues and 41% identity (85%
similarity) towards the carboxy-terminal 200 amino-acid
residues (excluding the carboxy-terminal tail, see below).
The amino-acid sequence also showed 52% and 44% iden-
tity in the amino-terminal region to mouse and nematode
talin, respectively, and 39% and 33% identity in the
carboxy-terminal regions (Figure 1a). Considering these
overall similarities to the known talins, the locus was des-
ignated as talB.
Like other talins, TALB has a modular structure
(Figure 1a). The amino-terminal domain shows homology
to members of the band 4.1 superfamily [7], such as band
4.1 protein [8], ezrin [9], and protein tyrosine phos-
phatases (PTPs) [10]. It has been proposed that these
homologous domains interact with membrane proteins as
well as the plasma membrane itself [11]. The second
domain, which covers almost 80% of the entire sequence,
consists of direct repeats of weakly homologous motifs, a
feature common to all talins [12]. It has been shown in
vertebrate talins that the second domain contains actin-
binding and vinculin-binding sites [2]. Towards the car-
boxyl terminus of this domain is a sequence termed the
I/LWEQ module, which is conserved between talin and
yeast Sla2 and which is implicated in F-actin binding [13].
It seems probable, therefore, that TALB also functions as
a link between the plasma membrane and actin filaments.
What makes TALB unique, however, is the presence of
an additional carboxy-terminal domain that does not exist
in any other talin described to date (Figure 1a). This part
consists of a proline-rich linker sequence followed by a
stretch of about 60 amino acids that is homologous to the
carboxy-terminal domain of villin. This domain, called the
‘headpiece’ [14], is also found in other villin family pro-
teins, such as dematin [15], abLIM [16] and protovillin
[17]. The headpieces of villin and dematin have been
shown to have actin-binding activity [18,19] and, as most
of the amino-acid residues thought to be important in its
interaction with actin [20] are conserved in TALB
(Figure 1b), it can be envisaged that this domain confers
an additional actin-binding site, and therefore possibly an
actin-bundling or severing activity, on TALB.
Northern hybridization of RNA preparations from Ax2
cells using part of the rescued genomic fragment as a
probe revealed a single band at 8 kb. This band was
present during growth and throughout development, but
its level was developmentally regulated, reaching a
maximum at the mound stage (where development is
blocked in the talB– mutant). This band was absent in
talB– cells (Figure 2).
The talB– cells grew at about the same rate as Ax2 cells,
both in axenic media and in association with food bacteria.
Unlike talA– cells [5], there were no obvious defects in
their cytokinesis. When deprived of a food supply, talB–
cells aggregate normally to form hemispherical ‘mounds’.
In wild-type cells, a protrusion called the ‘tip’ appears on
top of the mound, and the mound gradually elongates to
form a ‘slug’, which under favourable conditions crawls
about for some time until it eventually turns into a fruiting
body consisting of spores and a supporting stalk. The talB–
mounds never formed a tip, resulting in development
being blocked at this point. A number of mutants have
been isolated that show developmental arrest at the
mound stage, and this phenotype is associated in some of
these mutants with the failure of differentiation into pre-
stalk cells and prespore cells [21]; the mound stage is the
stage at which prestalk cells and prespore cells first differ-
entiate. The expression patterns of two prestalk-specific
genes, ecmA and ecmB, and a prespore-specific gene, D19,
were examined in talB– cells harbouring the lacZ reporter
gene under the control of the promoter of these cell-type-
specific genes. As shown in Figure 3a–c, the talB– cells
expressed these marker genes, and their spatial expression
patterns in the terminally differentiated mounds were
normal. Northern blot analysis indicated that the time
course and the level of expression of these genes were also
normal (data not shown). Prestalk cells can also be identi-
fied in vivo by vital staining with neutral red, which accu-
mulates in autophagic vacuoles present in prestalk cells
and shows red colour due to the low pH in these vacuoles.
Mounds of neutral-red-stained talB– cells exhibited accu-
mulation of strongly stained prestalk cells at the top of the
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Figure 1
(a) Domain structure of TALB and primary structure comparison with
two other talins and some of the other proteins having a domain
homologous to part of TALB. The band 4.1 homology domain is shown
in dark grey, the yeast Sla2 homology domain in light grey, and the villin
headpiece homology domain in dark blue. The sequence identity with
TALB of these domains in each protein was calculated with the Blast2
program and is indicated in parentheses. The sequences used were
mouse talin (Genbank accession number X56123) [1], Dictyostelium
TALA (U14576) [4], human ezrin (X51521) [9], human band 4.1
protein (M14993) [8], human PTP-H1 (M64572) [10], human myosin
VIIa (U55208) [28], yeast Sla2 (Z22811) [29], Dictyostelium protovillin
(X74387) [17], chicken villin (J03781) [14], human dematin (U28389)
[15], and human abLIM (AF005654) [16]. The regions shown in light
blue near the carboxy-terminal end of TALB and protovillin are the
proline-rich linker regions, which show no significant sequence
similarity to each other. (b) Sequence alignment of the headpiece
domain, performed with ClustalW. Identical amino acids occurring in at
least four of the five sequences are boxed. Asterisks show the amino-
acid residues shown to be involved in actin binding [20].
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Figure 2
Northern hybridization of talB. (a) Ax2 and (b) talB– cells developing on
nitrocellulose filters were sampled at 3 h intervals. The developmental
stages at the time of sampling are shown above the lanes. Total RNA
was extracted, separated on an agarose gel, transferred to a nylon
membrane, and hybridized with a 32P-labelled fragment of the EcoT14I
rescue plasmid as a probe to detect talB transcripts.
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mound as in wild-type cells (Figure 3d,e). These results
indicate that the inability of talB– cells to form a tip is not
because they are unable to undergo proper cell differenti-
ation or cell positioning.
If mixed with wild-type cells at a 1:1 ratio, talB– cells are
capable of participating in morphogenesis beyond the
mound stage and forming terminally differentiated stalk
cells and viable spores (Figure 4). Mutant cells in such
mixtures were invariably found to be enriched in the
region right behind the tip and also towards the posterior
end of the slug. Such sorting patterns persisted throughout
morphogenesis (Figure 4a–c), indicating that the majority
of the mutant cells can move almost at the same rate as
wild-type cells.
Considering the lack of any dramatic defects in cell dif-
ferentiation or in cell motility in the knockout mutant,
the cause of the mutant phenotype must reside in a more
subtle alteration of cellular activities. The presence of
the conserved actin-interacting domains in talB implies
that the cytoskeleton may be affected in some way in
talB– cells. In this respect, it is noteworthy that disrup-
tion of myosin II functions in Dictyostelium also results in
failure of tip formation [22–25]. Unlike talB– cells,
however, such cells show severe defects at a single cell
level as well; they are defective in cytokinesis and cell
movement, and take much longer to complete aggrega-
tion. On the other hand, mutants lacking myosin essen-
tial light chain [26] can form the tip and complete
development, albeit at a lower efficiency, although they
are equally defective in cytokinesis and cell motility as
the myosin II deficient mutants. It seems, therefore, that
the defect in the talB– strains is more specific to multicel-
lular morphogenesis. 
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Figure 3
(a–c) Spatial expression of two prestalk-specific marker genes, ecmA
and ecmB, and a prespore-specific marker gene, D19, in talB–
mounds. Cells of the talB– strain on the DH-1 background that had
been transformed with (a) ecmB–lacZ, (b) ecmA–lacZ or (c) D19–lacZ
were allowed to develop for 24 h, and β-galactosidase activity was
visualized. (d,e) Cell sorting pattern of neutral-red-stained cells.
(d) Mutant and (e) Ax2 cells were vitally stained with neutral red,
allowed to develop on an agar plate, and photographed at the mound
stage. A tip is about to form on the Ax2 mound. Mutant mounds stay
flat despite the accumulation of prestalk cells in the apical region. The
scale bar represents 200 µm.
(a) (b) (c)
(d) (e)
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Figure 4
Spatial distribution and spore/stalk cell differentiation of talB– cells in
mixed aggregates. Ax2 and talB– cells labelled with either
chloromethylfluorescein (green fluorescence) or Texas-red–dextran (red
fluorescence) were mixed together at a ratio of about 1:1 and allowed
to develop. To show that the labels did not affect the sorting-out
behaviour of the cells, two opposite combinations of labelling were
used: (a) green, talB–; red, Ax2; and (b) red, talB–; green, Ax2. (c) An
immature fruiting body with chloromethylfluorescein-labelled mutant
cells and unlabelled Ax2 cells. (d–g) Mature stalk and spore cells of the
mutant (fluorescently labelled) have formed in a chimeric fruiting body.
Shown are (d,e) the lower part of the sorus and (f,g) the lower part of
the stalk with the basal disc of the fruiting body, each with fluorescence
and Nomarski images of the same visual field. Mutant spores were able
to germinate after heat or detergent treatment. Comparison of the
numbers of mutant and wild-type spores taken from individual chimeric
fruiting bodies and those of mutant and wild-type colonies formed on a
bacterial lawn indicated that the mutant and wild-type cells form spores
equally efficiently if the condition permits. Photographs were taken
using a confocal microscope (a–c) or a conventional fluorescence
microscope (d–g). An optical section at the level giving the largest
horizontal section is shown in (a,b), whereas (c) is a composite image of
all the sections covering the entire depth of the specimen. The scale
bars represent 250 µm (b), 100 µm (c), and 20 µm (d).
(a) (c)
(b)
(d) (e) (f) (g)
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From the phenotype of these mutants, we can speculate
about the role of talB. Myosin II null cells show a severe
defect in the rigidity of the cell cortex, a consequence of
which is their being squeezed out the cell mass and lagging
behind during morphogenesis [27]. Obviously, any defect
in the cell cortex in talB– cells is milder than this because
they can move along with wild-type cells quite well
without being pushed out like myosin-null cells (Figure 4).
We found in preliminary experiments that excessive
mutant cells in a mixture render wild-type cells incapable
of proper morphogenesis, suggesting that talB– cells have
some defect in their ability to serve as a substratum for
other cells’ locomotion and that they can manage when
there are a sufficient number of healthy cells around.
It is interesting to note that the product of the other talin
gene, talA, which is expressed throughout development at a
constant level [4], does not rescue talB– cells. Similarly, talB
does not seem to be able to replace talA, because talB is also
expressed during growth and earlier development where
the defects of talA– cells are most prominent [5]. To our
knowledge, Dictyostelium discoideum is the first organism
shown to have more than one talin species that have distinct
functions. It seems possible, therefore, that more complex
organisms require multiple talins with different stage or
tissue specificity to accomplish their morphogenesis.
Supplementary material
Additional methodological details, a diagram of gene disruption, and a
Southern blot are published with this paper on the internet.
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S1
Supplementary materials and methods
Insertional mutagenesis
REMI mutagenesis, isolation of the disrupted gene, and re-creation of
the mutant by homologous recombination were carried out using blasti-
cidin resistance (with the Ax2 parent strain) or uracil auxotrophy (with
the DH1 parent strain) as a selectable marker according to published
methods [S1–S3].
Strains, media and development
Cells of the Ax2 strain and its derivatives were grown in HL5 medium
[S4] or in bacterial suspensions [S5]. Cells of DH1 origin were grown
in FM medium [S6]. Growth-phase cells were harvested and washed
free of nutrient in phosphate buffer and allowed to develop on water
agar or phosphate-buffered agar. For synergy experiments, washed
cells of the mutant and wild-type strains were mixed at the described
ratios and allowed to develop on non-nutrient agar.
Southern and northern blot analysis
Genomic DNA was isolated according to Sambrook et al. [S7]. Digested
DNA (5 µg) was separated on a 0.8% agarose gel and then transferred to
Hybond-N+ membrane (Amersham) and probed with a fragment of rescued
DNA. Total RNA was isolated from cells developed on cellulose nitrate
filters (Advantec) every 3 h using TRIZOL Reagent (Life Technologies).
Aliquots (10 µg) were electrophoresed on formaldehyde/agarose gels.
Electrophoresed RNA was then transferred to Hybridization Transfer Mem-
brane (Gene Screen) and probed with 32P-labelled fragments of each gene.
Labelling of cells
For neutral red staining, vegetative cells were incubated briefly in phos-
phate buffer pH 7.5 containing 0.001% neutral red, washed twice in
buffer, and allowed to develop on water agar. For fluorescent labelling,
cells were labelled with chloromethylfluorescein diacetate (Molecular
Probes) [S8] or Texas-red–dextran (Molecular Probes) [S9]. Fluorescence
images were obtained using a laser-scan confocal microscope (Zeiss
LSM410) or a conventional fluorescence microscope (Zeiss Axioskop).
For the β-galactosidase reporter staining, we made stable transfectant talB
cells with ecmA–lacZ, ecmB–lacZ or D19–lacZ and processed the devel-
oping structures for microscopy as previously described [S10].
RT–PCR
Primers were based on the genomic sequences of the rescued flanking
regions. RT–PCR was carried out using the One-Step RNA RT–PCR
kit (Takara) with total RNA obtained from cells at the tight mound stage
as a template.
References
S1. Adachi H, Hasebe T, Yoshinaga K, Ohta T, Sutoh K: Isolation of
Dictyostelium discoideum cytokinesis mutants by restriction
enzyme-mediated integration of the blasticidin S resistance
marker. Biochem Biophys Res Commun 1994, 205:1808-1814.
S2. Kuspa A, Loomis WF: Tagging developmental genes in
Dictyostelium by restriction enzyme-mediated integration of
plasmid DNA. Proc Natl Acad Sci USA 1992, 89:8803-8807.
S3. Insall R, Kuspa A, Lilly PJ, Shaulsky G, Levin LR, Loomis WF,
Devreotes P: CRAC, a cytosolic protein containing a pleckstrin
homology domain, is required for receptor and G protein-
mediated activation of adenylyl cyclase in Dictyostelium. J Cell
Biol 1994, 126:1537-1545.
S4. Watts DJ, Ashworth JM: Growth of myxamoebae of the cellular
slime mould Dictyostelium discoideum in axenic culture. Biochem
J 1970, 119:171-174.
S5. Gerisch G: Zellfunktionen und Zellfunktionswechsel in der
Entwicklung von Dictyostelium discoideum. V. Stadienspezifische
Zellkontaktbildung und ihre quantitative Erfassung. Exp Cell Res
1961, 25:535-554.
Supplementary material
Figure S1
Gene disruption of talB. (a) The coding region of the talB gene is shown
in blue, with the sites of plasmid insertion indicated by arrowheads.
There are two introns towards the 5′ end of the coding region shown as
gaps. The rescued plasmids are shown as unshaded bars; the light grey
bars represent the blasticidin-resistant vector DNA and the dark grey bar
represents the pyr5-6 vector. This diagram represents two of the three
independent REMI mutants obtained. Also shown is the cDNA clone
used for obtaining the sequence at the 3′ end of the gene. (b) Southern
blot of genomic DNA from strains with mutant and parent phenotypes.
The plasmid rescued with EcoT14I was used for gene disruption by
homologous recombination. Three of the transformants showing the
mutant phenotype and one with a wild-type (WT) phenotype were
subjected to Southern blot analysis. When probed with part of the
flanking genomic sequence, a single band was detected at 8 kb in the
three mutant transformants. This band is larger than the band at 3.5 kb
of the wild-type transformant and of the parent strain (Ax2) by about the
size of the plasmid (4.5 kb). The additional band of the wild-type
transformant is probably due to non-homologous integration of the
reintroduced plasmid. These results indicate that gene disruption by
plasmid insertion caused the phenotype alteration in the mutants. The
results shown in this paper are, unless otherwise indicated, obtained
with the talB-disruptant strains recreated on the Ax2 background. 
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